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Biogeochemical Anomalies at Two Southern California
Current System Moorings During the 2014-2016 Warm
Anomaly-El Nifio Sequence
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CA, USA, *California Current Ecosystem Long-Term Ecological Research site, Scripps Institution of Oceanography,
University of California, San Diego, La Jolla, CA, USA, *Climate, Atmospheric Sciences, and Physical Oceanography,
Scripps Institution of Oceanography, University of California, San Diego, La Jolla, CA, USA, “Geosciences Research
Division, Scripps Institution of Oceanography, University of California, San Diego, La Jolla, CA, USA, *NOAA Pacific
Marine Environmental Laboratory, Seattle, WA, USA

Abstract we analyzed impacts of the 2014-2015 Pacific Warm Anomaly and 2015-2016 El Nifio on
physical and biogeochemical variables at two southern California Current System moorings (CCE2,
nearshore upwelling off Point Conception; CCEL1, offshore California Current). Nitrate and Chl-a
fluorescence were <1 uM and <1 Standardized Fluorescence Unit, respectively, at CCE2 for the entire
durations of the Warm Anomaly and El Nifio, the two longest periods of such low values in our time series.
Negative nitrate and Chl-a anomalies at CCE2 were interrupted briefly by upwelling conditions in spring
2015. Near-surface temperature anomalies appeared simultaneously at both moorings in spring 2014,
indicating region-wide onset of Warm Anomaly temperatures, although sustained negative nitrate and Chl-a
anomalies only occurred offshore at CCE1 during El Nifio (summer 2015 to spring 2016). Warm Anomaly
temperature changes were expressed more strongly in near-surface (<40 m) than subsurface (75 m) waters at
both moorings, while El Nifio produced comparable temperature anomalies at near-surface and subsurface
depths. Nearshore Qqragonite at 76 m showed notably fewer undersaturation events during both warm
periods, suggesting an environment more conducive to calcifying organisms. Planktonic calcifying molluscs
(pteropods and heteropods) increased markedly in springs 2014 and 2016 and remained modestly elevated in
spring 2015. Moorings provide high-frequency measurements essential for resolving the onset timing of
anomalous conditions and frequency and duration of short-term (days-to-weeks) perturbations (reduced
nitrate and aragonite undersaturation events) that can affect marine organisms.

Plain Language Summary The 2014-2016 Pacific Warm Anomaly-El Nifio sequence
significantly changed ocean conditions in the California Current System, but impacts of these anomalies
on nutrients, chlorophyll-a, and pH, and comparisons to past El Nifio events, have not been well described.
We examined 9 years (2010-2018) of data from two ocean moorings that provide hourly measurements at
fixed locations in the southern California Current System, allowing us to determine both subseasonal and
multiyear ecosystem changes. We found that nitrate (important for primary production) and chlorophyll-a
were anomalously low in nearshore waters throughout the Warm Anomaly and El Nifio, suggesting nutrient
delivery to the surface ocean was reduced. The Warm Anomaly and El Nifio both produced anomalously
warm shallow temperatures, but only El Nifio produced significantly warmer waters below 50-m depth.
Aragonite, a carbonate mineral important for shell production in calcifying marine organisms, showed
elevated saturation state during both the Warm Anomaly and El Nifio, suggesting the two anomalous periods
produced favorable calcification conditions. Planktonic shelled molluscs, a key component of the oceanic
food web, increased during both the Warm Anomaly and El Nifio. Our findings may help predict impacts of
future anomalies on nutrient availability and biological responses in the California Current System.
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1. Introduction

The California Current System (CCS) is an eastern boundary upwelling system that supports high biological
production and commercially valuable fisheries. The southern portion of the CCS extends from Point
Conception, CA, south to the U.S.-Mexico border and consists of the southward-flowing core California
Current (200-400 km offshore), the nearshore poleward California Undercurrent (inshore of 150 km, cen-
tered at 150-m depth), and the Inshore Countercurrent (Di Lorenzo, 2003; Lynn & Simpson, 1987;
Rudnick et al., 2017). The nearshore region experiences a spring upwelling season driven by alongshore
winds, while wind-stress curl upwelling produces vertical pumping farther offshore; these dynamics deliver
nutrients to near-surface waters, sustaining high primary production (Carr & Kearns, 2003; Chelton, 1982;
Chelton et al., 1982; Cushing, 1971; Pickett & Paduan, 2003; Rykaczewski & Checkley, 2008). El Nifio is
the dominant mode of interannual variability in the CCS and can produce anomalous circulation including
advection of water masses into the southern CCS from Baja California or southern offshore waters (Chavez,
1996; Chavez et al., 2002; Jacox et al., 2016; Lynn & Bograd, 2002; Simpson, 1984). El Nifio impacts on CCS
ecosystems vary substantially, but past major El Nifios reduced phytoplankton biomass (Chavez, 1996;
Fiedler, 1984; Kahru & Mitchell, 2000), produced anomalous subtropical zooplankton influxes (Bednarsek
et al., 2018; Lavaniegos et al., 2002; Lavaniegos & Ohman, 2007; Lilly & Ohman, 2018; Rebstock, 2001),
and altered survival and spatial distributions of seabirds and marine mammals (Keiper et al., 2005; D. E.
Lee et al., 2007; Thayer & Sydeman, 2007).

The CCS can be affected by other modes of variability, including the Pacific Decadal Oscillation, the
North Pacific Gyre Oscillation, and regionally forced non-Nifio warm events (Di Lorenzo et al., 2008;
Fiedler & Mantua, 2017; Mantua et al., 1997). The 2014-2015 Pacific Warm Anomaly that developed
in the Eastern North Pacific Ocean showed unprecedented magnitude, spatial extent, and duration
(Bond et al., 2015; Di Lorenzo & Mantua, 2016; Zaba & Rudnick, 2016). Anomalous sea surface tem-
peratures (SSTs) appeared off California in spring 2014 and reached +5 °C in the upper 50 m of the
water column (Gentemann et al., 2017; Zaba & Rudnick, 2016). The Warm Anomaly was associated
with an “aborted El Nifo” and was thus not attributed to direct equatorial El Nifio forcing (Hu &
Fedorov, 2016; Li et al., 2015), although atmospheric teleconnections from the equatorial Pacific likely
influenced temperature anomalies in winter 2014-2015 (Chao et al., 2017; Di Lorenzo & Mantua,
2016). The Warm Anomaly persisted through spring 2015, at which point normal upwelling conditions
produced cooler temperatures and high nutrients nearshore. Warm temperatures reappeared in summer
2015, and El Nifio conditions reached the CCS by fall 2015 (Chao et al., 2017; Jacox et al., 2016). The
sequence of the 2014-2015 Warm Anomaly followed immediately by the 2015-2016 El Nifio produced
more than 2 years of anomalous physical oceanographic conditions in the CCS, notably extremely warm
temperatures and increased water column stratification (Jacox et al.,, 2016; Zaba & Rudnick, 2016).
Despite known differences in physical forcing mechanisms, the Warm Anomaly had coastwide impacts
on CCS ecosystems similar to those observed during El Nifo events, including anomalously deep chlor-
ophyll maxima (Zaba & Rudnick, 2016), subtropical zooplankton species appearances and community
composition rearrangements (Fisher et al., 2015; Lilly & Ohman, 2018; Peterson et al., 2017), coastwide
harmful algal blooms and associated marine mammal toxicity (McCabe et al., 2016; Ryan et al., 2017),
and large-scale seabird mortality events (Peterson et al., 2015).

Ocean acidification is a growing issue due to increased anthropogenic release of CO, and subsequent
oceanic uptake. The CCS experiences natural intrusions of low-pH, high-CO, conditions from upwelling
of deep, remineralized waters, although these intrusions are predicted to expand and intensify in the
future (Feely et al., 2008; Feely et al., 2016; Feely et al., 2018; Gruber et al., 2012; Hauri et al., 2013;
Hauri et al.,, 2013; Leinweber & Gruber, 2013). Ocean acidification threatens calcifying marine organ-
isms because it lowers the saturation states (Q) of aragonite and calcite, carbonate minerals essential
for shell production, requiring organisms to expend more energy on shell formation and growth
(Bednarsek et al., 2014; Bednar$ek et al., 2016; BednarSek et al., 2017; Hauri, Gruber, McDonnell, &
Vogt, 2013). Bednarsek et al. (2018) found that the pteropod species Limacina helicina in the northern
CCS (southern British Columbia to Monterey Bay, CA) experienced synergistic negative impacts from
an enhanced upwelling season (low oxygen, pH, and Q) in spring 2016 combined with increased
temperatures during the 2013-2015 marine heat wave (here referred to as the Warm Anomaly) and
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2015-2016 El Nifio. Analysis of anomalous perturbations to CCS ecosystems and predictions of future
impacts must therefore consider not just the event at hand but also its potential combination with back-
ground conditions and other perturbations.

Moorings provide continuous high-frequency measurements of a specific region and thus can resolve the
onset timing of perturbations such as the Warm Anomaly and El Nifio. They also provide information on
short-term (days to weeks) habitat changes that organisms experience, such as pulsed nutrient delivery
(Chavez, 1996; Chavez et al., 1997; Pennington & Chavez, 2000; Sakamoto et al., 2017) and aragonite under-
saturation events. The present paper analyzes impacts of the 2014-2015 Pacific Warm Anomaly and 2015-
2016 El Nifio on subseasonal and interannual changes in multiple physical and biogeochemical variables
measured at two southern CCS moorings that have been deployed regularly since January 2010. We specifi-
cally examined the following questions: (1) Did the 2014-2015 Warm Anomaly and 2015-2016 El Nifo dif-
ferentially affect physical and biogeochemical conditions in the southern CCS region? (2) Were the timing
and magnitude of each event synchronous across CCE2 and CCE1? (3) Did the prior existence of the
Warm Anomaly appear to influence subsequent biological responses to the 2015-2016 EI Nifio or long-term
effects beyond the events? (4) How did biogeochemical responses to these two perturbations compare to the
2009-2010 El Nifo?

We hypothesized that near-surface temperatures would be anomalously high and nitrate and chlorophyll-a
fluorescence anomalously low at both moorings for the entire Warm Anomaly-El Nifio sequence (spring
2014 to spring 2016). In contrast, we expected that deeper temperature anomalies would only appear during
El Nino, and more strongly at CCE2 than at CCE1, due to coastally enhanced northward propagation of the
El Nifio signal. We further hypothesized that aragonite saturation state would be elevated at both moorings
from spring 2014 to spring 2016, with corresponding increases in pelagic mollusc populations due to either
advection of subtropical species or favorable in situ conditions.

2. Materials and Methods
2.1. Mooring Locations

Physical and biogeochemical data are from two biogeochemical moorings located in the southern CCS:
CCEL is located 220 km southwest of Point Conception, CA, in 4,100 m of water in the core southward-flow-
ing California Current; CCE2 is located 35 km southwest of Point Conception in 800 m of water in the near-
shore upwelling region (Figure 1). CCE1 is colocated with California Cooperative Oceanic Fisheries
Investigations (CalCOFI) Station 80.80 and CCE2 with CalCOFI 80.55 (Bograd et al., 2003). CCE1 was
initiated in October 2008 and CCE2 in January 2010, although both time series have experienced short-term
interruptions. We present data here only from January 2010 to present. The moorings are maintained by the
Ocean Time Series Group and the California Current Ecosystem Long-Term Ecological Research site, both
based at Scripps Institution of Oceanography, La Jolla, CA.

2.2. Mooring Design and Sensors

Each mooring consists of a surface buoy with a buoy-mounted instrument package, including a Moored
Autonomous pCO, sensor which measures seawater and air mole fractions of CO, (xCO,) to be converted
to partial pressure (pCO,). A conductive wire connects subsurface instruments to the surface to permit
real-time data transmission. Each mooring has a subsurface biogeochemical sensor cage: CCE1 at 40-m
depth and CCE2 at 16-m depth. The cages include the following sensors: SBE37-IM Microcat (temperature
and salinity), SeapHOx (pH sensor, Martz Lab, Scripps Institution of Oceanography) with attached
Aanderaa optode (oxygen), WET Labs FLNTUS fluorometer (chlorophyll-a fluorescence), and Satlantic
SUNA (nitrate). In addition to data from the sensor cages, we analyzed temperature and oxygen data at
CCE2 at 76-m depth to calculate deep aragonite saturation (see section 2.4) and temperature and salinity data
at CCEL1 at 19 and 75 m to compare onset timing of the Warm Anomaly and El Nifio between CCE1 and
CCE2. Most of the sensors record data every 30 min; for the present study, we averaged data to daily values
as described below. A detailed description of mooring design is available online (http://mooring.ucsd.edu/
projects).
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Figure 1. Locations of the CCE1 and CCE2 moorings (black circles) and subset of the California Cooperative Oceanic Fisheries Investigations (CalCOFI) sampling
region from which zooplankton were analyzed (black box) in the southern California Current System. The CalCOFI stations from which zooplankton samples are
pooled are shown by black crosses within and along the black box. Note that these stations are only a subset of the larger CalCOFT grid.

2.3. Sensor Calibrations and Quality Control

Microcat and optode sensors are calibrated by attaching sensors to a conductivity-temperature-depth rosette
and conducting predeployment and postrecovery calibration casts to compare sensors to concurrent con-
ductivity-temperature-depth measurements and bottle samples. Nitrate data undergo a two-step quality
control process: (1) manual baseline correction to zero data and account for sensor drift and (2) comparison
to in situ bottle-sample nitrate measurements for further correction. Chl-a fluorescence data undergo a
three-step conversion process: (1) manual baseline correction, (2) conversion to Standardized
Fluorescence Units (SFUs; cf. Powell & Ohman, 2015) by multiplying the raw time series by a slope value
calculated by comparing fluorometer voltage readings to laboratory-prepared chlorophyll-a standards, and
(3) comparison to CalCOFI Chl-a measurements for external validation and adjustment (see Appendix A
and Figure A1 for additional information). The pH time series are quality controlled following Bresnahan
et al. (2014) by bringing the subsurface SeapHOx pH sensors into agreement with a calculated surface refer-
ence pH at a time when the mixed layer is sufficiently deep to encompass the subsurface sensor. The surface
reference pH is calculated from surface-measured pCO, data and total alkalinity estimated from tempera-
ture and salinity by the proxy relationships described in Alin et al. (2012). pCO, is measured as follows from
Sutton et al. (2014): Mole fraction of CO, (xCO,) in seawater is measured by pumping a sample of air
through seawater for 10 min and then reading the equilibrated air sample using a LI-COR LI-820 CO,
gas analyzer. A separate air sample is drawn into the Moored Autonomous pCO, sensor, and air xCO, is
measured by the gas analyzer. Seawater and air measurements are made every 3 hr and calibrated in situ
with a standard CO, reference gas. Raw (wet) xCO, measurements are converted to (dry) xCO, using atmo-
spheric pressure and LI-820 vapor pressure, and dry measurements are used to calculate seawater and air
pCO;. ApCO;, = pCOzsw — PCOLajr-

We averaged each time series to daily resolution to produce consistency across time series. Chl-a fluores-
cence daily values were only averaged from nighttime data points (2100-0300 local time) to avoid daylight
quenching. Anomalies were computed by removing the 2010-2018 mean for each year-day from the corre-
sponding year-day for each year (e.g., 1 January of each year minus the 1 January 2010-2018 mean). We com-
pared time series to quarterly CalCOFI cruise measurements at the appropriate station and depth as an
external data check for all time series except pH and pCO, (CalCOFI data not available; Figures 2 and 4),
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Figure 2. Daily-averaged time series (left) and anomalies (right) for the CCE2 mooring at 16 m (top) and 76 m (bottom). Variables at 16 m are (top-bottom)
temperature, salinity, oxygen, nitrate+nitrite, ApCO,, Chl-a fluorescence (SFU), omega-aragonite, and pH. Horizontal gray lines for Qg at 16 and 76 m indicate
the aragonite saturation horizon (Q = 1); undersaturation events occur when the time series dips below this line. The nitrate time series at 16 m includes measured
data (purple) and temperature-proxy calculations (magenta). Aragonite saturation time series at 16 and 76 m include proxy calculations from pH-CO,

(light pink, 16 m only) and temperature-O, (gray, 16 and 76 m; see section 2.4 and Appendices A and B for nitrate and aragonite saturation calculations). The Warm
Anomaly and El Nifio are shaded by vertical orange and purple bars, respectively. Red dots and dashed lines on left panels are California Cooperative Oceanic
Fisheries Investigations quarterly measurements (not available for pCO, or pH; Chl-a scale as ug/L, right axis).

although these types of pH and pCO, checks have been performed as part of previous studies (Sutton et al.,
2014; Sutton et al., 2016). The carbonate chemistry calculations described in this section and the following
section were carried out using CO2SYS for Matlab v1.1 (Van Heuven et al., 2011).

2.4. Aragonite Saturation State Calculations

Aragonite saturation state (Qaag) Was calculated using two approaches. The first estimates Qg from mea-
sured pH and estimated total alkalinity calculated from the proxy mentioned in section 2.3. We applied this
approach using the pH sensor data at CCE1 40 m and CCE2 16 m. We used a second proxy relationship to
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calculate Q,,, at CCE2 76 m using temperature and oxygen, as described in Alin et al. (2012). The
relationship between Q,r,s and temperature-O, holds beneath the mixed layer but is often also valid at
shallower depths in upwelling areas such as CCE2. Due to the high correlation between the pH-derived
Qarag and temperature-O, proxy at CCE2 16 m (rho = 0.90, p < 0.01), we supplemented the pH-derived
Qarag calculations at CCE1 40 m and CCE2 16 m with calculations from the second relationship during
periods for which we lacked pH data (see Appendix B for more information). For comparison, we also
calculated Q.4 from quarterly CalCOFI bottle data corresponding to CCE1 40 m, CCE2 16 m, and CCE2
76 m. We used dissolved inorganic carbon and total alkalinity measurements at CCE1 40 m and CCE2 16
m from the five cruises for which they are available (pH data are not available from CalCOFI cruises). For
other cruises and all calculations at CCE2 76 m, we calculated CalCOFI Q,,, from temperature and oxygen.

To estimate the percentage of aragonite undersaturation days in a year, we summed the number of days of
aragonite undersaturation within a yearlong period (1 January to 31 December) or the Warm Anomaly or
El Nifo and divided by the number of sampled days of aragonite saturation in that period (see Appendix
C for start and end date of each anomalous period). The resulting values for “% aragonite undersaturation
days/year” are shown in Figure 3c.

2.5. Temperature and Nitrate Cumulative Anomalies

We demarcated the start and end dates of the Warm Anomaly and El Nifio as the beginnings and ends of
periods of continuous positive temperature anomalies during spring 2014 to spring 2016 at the near-surface
sensors (16 m for CCE2 and 19 m for CCE1; see Appendix C for explanation and dates). The resulting periods
are shaded in Figures 2 and 4. We calculated average daily anomalies for temperature and nitrate during the
Warm Anomaly and El Nifio to compare the individual impacts of each perturbation and their differential
effects in near-surface and subsurface waters. We used the temperature-derived start and end dates for
nitrate anomaly calculations to maintain consistency and because nitrate did not have continuous negative
anomalies throughout each perturbation. For each anomalous period, we summed all temperature or nitrate
anomalies at a given depth to obtain the total integrated anomaly for that depth, which we then divided by
the total number of perturbation days to get the average daily anomaly.
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Figure 4. As in Figure 2 but for CCE1 sensors at 40 m (top row), 19 m (middle row), and 75 m (bottom row). Only temperature and salinity are shown for 19 and 75 m.

2.6. North/South Water Mass Index and Particle Backtracking

An index of the relative contributions of northern- versus southern-origin flow (hereafter: N/S index) was
previously developed to identify origins of water masses arriving at the CCE1 mooring, based on tempera-
ture-salinity (T-S) properties. The N/S index was developed from temperature and salinity data from loca-
tions in the CCS between Northern California and the southern tip of Baja California using data from the
World Ocean Atlas climatologies (Locarnini et al., 2013; Zweng et al., 2013). Locations were assigned N/S
index values on a scale from —1 (Northern California) to +1 (southern Baja California) based on where their
T-S diagrams fit in relation to the southernmost and northernmost water masses. The CCE1 N/S index at 40
m was then computed by determining where its combined T-S values aligned with the standardized values
from —1 to +1. Our N/S index is akin to the spiciness property (Flament, 2002) or to analyzing salinity on
a fixed isopycnal, but the —1 to +1 scaling adjusts the values to the local hydrography. Waters at CCE1 with
positive N/S index values suggest southern or offshore origins.
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Figure 5. Comparison of (a) nitrate at CCE1 at 40 m and (b) North/South index of
water mass origin for waters arriving at CCE1. Positive values indicate southern-
origin waters. (c) Surface particle trajectories based on altimetry-derived geos-
trophic velocities. The velocity fields were integrated to find trajectories that end
at the CCE1 site (marked). Each trajectory is 30 days in duration (trajectories
are shown for every 30-day period of each year). Trajectories with prior excursions
in nearshore waters (east of the dashed line) are marked by black dots.
Matching black dots in (a) and (b) show the arrival times of these nearshore
trajectories to CCE1. See Figure S1 for particle tracks by individual year.

The CCET1 site is located in the climatological mean position of the
California Current, but as the current meanders back and forth,
inflow to CCE1 can occur from different directions (see also figure
11 in Frischknecht et al., 2018). To investigate whether southern-
appearance waters at CCE1 indicated by the N/S index were asso-
ciated with southern- or coastal-origin flows, we analyzed surface
particle trajectories. These were computed from altimetry-derived
geostrophic currents, which are distributed as part of the
Copernicus Marine Environment Monitoring System (formerly
AVISO). From these currents, we computed particle trajectories by

. L= dX - . o
solving the equatiom = a where u denotes the Eulerian velocities

from the altimeter and X denotes the Lagrangian positions along a
trajectory. We integrated the resulting velocities backward for 30
days prior to the CCE1 endpoint. Each particle track starts 5 days
after the previous track starts, so successive tracks overlap for 25
days; there are 533 tracks total for the entire period from 2010 to
2018. We compared our altimetry-derived particle trajectories to
acoustic Doppler current profiler (ADCP)-derived trajectories from
CCEL1 at 30-m depth and found strong correspondence for the 30-
day forward projections (see Appendix D and Figure D1 for more
information). Prior results from Hartman et al. (2010); see their fig-
ure 5) also suggest that qualitative comparisons using these trajec-
tories are reasonable. We did not calculate particle trajectories for
CCE2 (located 35 km from land) because altimetry data within 50
km of the coast are generally unreliable and would likely not pro-
duce accurate backtracks.

2.7. Pelagic Mollusc Sampling

Zooplankton were collected on CalCOFI cruises as previously
described (Lavaniegos & Ohman, 2007; Lilly & Ohman, 2018).
Samples were collected by a 505-um mesh, dual-opening, 0.71-m dia-
meter bongo net towed obliquely from 0 to 210 m. After collection,
samples were preserved in formaldehyde buffered with sodium tetra-
borate and then archived for identification in the Pelagic Invertebrate
Collection at Scripps Institution of Oceanography. All nighttime sta-
tions within the Southern California region (CalCOFI Lines 80-93.3
from the coast to Station 70, excluding stations <200-m depth) were
pooled into one aliquot per cruise. Pelagic molluscs (i.e., thecosome
and gymnosome pteropods and heteropods) from spring cruises only
were identified to genus (where possible) or higher taxon using light
microscopy. Within the total pelagic mollusc group, we also present
data for the family Limacinidae and for Hyalocylis spp., which only
appeared in 2014 and was comprised almost exclusively of H. striata

(L. Sala, 15 Jun 2019). The family Limacinidae is not enumerated to species level but is likely comprised
of the following six species based on past descriptions of pteropod biogeographies in the eastern North
Pacific: Heliconoides inflatus, Limacina helicina helicina, L. helicina pacifica, L. bulimoides, L. lesueruii, and
L. trochiformis (Janssen et al., 2019; McGowan, 1967).

3. Results and Discussion

3.1. The 2014-2015 Warm Anomaly: Evolution and Effects

The 2014-2015 Pacific Warm Anomaly produced the longest period of consistently anomalously warm tem-
peratures and near-zero nitrate and chlorophyll-a fluorescence at CCE2 since our mooring time series began
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Figure 6. Abundance of total pelagic molluscs (solid dots and solid line), Hyalocylis spp. (gray triangles and solid line), and
family Limacinidae (open squares and dashed line). Symbols represent spring cruise values. Total mollusc and Hyalocylis
spp. values are shown on the left axis and family Limacinidae values are shown on the right axis.

(Figure 2). Nitrate levels were <1 uM and chlorophyll-a was <1 SFU for the entire period of May 2014 to
February 2015. Average daily nitrate anomalies at CCE2 at 16 m during the Warm Anomaly were twice
the (negative) magnitude of those during El Nifio, suggesting that the Warm Anomaly more completely
suppressed nitrate inputs to the nearshore region (Figure 3b, red bars). In contrast to CCE2, negative
nitrate anomalies at CCE1 only appeared halfway through the Warm Anomaly, and Chl-a anomalies
increased from moderately negative to positive despite decreasing nitrate levels (Figure 4).

The unusual high nitrate at CCE1 in spring-summer 2014 may have been due to horizontal offshore advec-
tion of nutrients from southern-origin waters. To analyze this possible source, we calculated a northern- ver-
sus southern-origin water mass index (N/S index), which scales the T-S properties of a given water mass from
—1 (Northern California) to +1 (southern Baja California). At CCE1 at 40 m, the N/S index shows predomi-
nantly positive values during mid-2012 and 2013-2014, suggesting enhanced subtropical water mass delivery
as a source of nitrate (Figures 5a and 5b). We also computed 30-day backtracked surface water trajectories for
particles arriving at CCEL1, to further determine the origins of positive N/S index values. Trajectories show
that water parcels arriving at CCE1 in mid-2012 and spring 2014 originated predominantly from the near-
shore region (black dots in Figure 5; see supporting information Figure S1 for particle tracks separated by
year). Particle tracks in mid-2012 show nearshore origins off central California (Figure 5c, purple lines;
Figure S1 yellow-green lines), suggesting upwelled waters were transported to CCE1 by an offshore-moving
filament that also increased nitrate and salinity at CCE2. In contrast, CCE1 tracks in winter 2013-2014
appeared to originate from southern waters offshore of the dotted line (Figure 5c; dark gray tracks indicate
2013 and yellow tracks 2014 in southern region; see Figure S1 for within-year seasonal timing). Subsequent
minor nitrate inputs to CCE1 in spring 2014 appeared to come from nearshore (yellow tracks and black dots
in Figure 5c), suggesting some cross-shore delivery to CCEL1 at the beginning of the Warm Anomaly despite
significantly reduced nitrate at CCE2.

Shallow temperature measurements at CCE2 at 16 m (Figure 2) and CCE1 at 19 and 40 m (Figure 4) indicate
concurrent onset of continuous positive temperature anomalies across the region in June 2014. Our timing is
consistent with satellite SST measurements by Gentemann et al. (2017), who found that anomalously warm
SSTs appeared rapidly across the southern CCS region at the end of June 2014 and subsequently expanded
north to connect with offshore North Pacific anomalies. Temperature measurements at CCE2 at 76 m show
moderate positive anomalies during the Warm Anomaly but daily average anomalies only one fourth of
near-surface anomalies, while temperatures at CCE1 at 75 m show slightly negative daily average anomalies
during the Warm Anomaly (Figure 3a; CCE2—red vs. light pink bars; CCE1—pale blue bars). These findings
are consistent with glider observations from Zaba and Rudnick (2016) that the Warm Anomaly was a sur-
face-intensified (<75 m) phenomenon across the southern CCS.

Spring 2014 showed a 14-fold increase in total pelagic mollusc abundance compared to the 2010-2013 mean.
The increase was predominantly driven by unusual presence of Hyalocylis spp., which were comprised in
2014 predominantly of the subtropical species Hyalocylis striata (Figure 6; L. Sala, personal
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Table B1

Aragonite Undersaturation Day-Counts and Durations at CCE2 (76-m Depth)

Year No. days Q < 1 (raw) Consecutive days (events > 1 day) Days of data No. days Q < 1 (normalized to year-days)
2010 — — 0 —
2011 119 6,5, 20,4,21,4,30,2,8,8,4,2,3 267 0.446
2012 133 6,12, 2,13,5,37,21,28,5,3 282 0.472
2013 150 5,38,8,27,19,2,3,9,9,6,3,4,5,4,4 361 0.416
2014 52 3,2,4,13,15,4,8 317 0.164
2015 62 16, 42, 3 248 0.250
2016 19 14, 2, 2 134 0.142
2017 1 — 134 0.008
2018 — 73 0
Warm Anomaly 20 3,4,8,4 173 0.116
El Nifio 3 3 251 0.012

communication). Abundance of family Limacinidae was also moderately elevated in spring 2014. These
increases coincided with the onset of elevated aragonite saturation (Q,rag) and pH in spring 2014, likely
due to reduced upwelling of high-CO,, low-O, waters (Feely et al., 2008; Feely et al., 2016; Hauri, Gruber,
McDonnell, & Vogt, 2013; Leinweber & Gruber, 2013; McLaughlin et al., 2018). Although our N/S index
was developed to assess nutrient delivery, we can also use it as an approximate indicator of advection of
southern-origin plankton. As noted above, the N/S index suggests enhanced presence of southern-origin
waters in winter-spring 2014. In contrast, favorable aragonite conditions only appeared in spring 2014,
coincident with, rather than preceding, increased pelagic mollusc abundance. We therefore conclude that
the increase in mollusc abundance in spring 2014 is due to increased advection of subtropical populations
into the region rather than in situ population growth.

Offshore elevated nitrate and the marked increase in subtropical molluscs in spring 2014 suggest that the
southern CCS received a significant input of southern-origin waters at the beginning of the Warm
Anomaly. Reduced nitrate at CCE2 during this period may be explained by subregional variations in forcing
mechanisms. The nearshore region was characterized in spring 2014 by locally increased downward surface
heat flux, reduced upwelling winds, high water column static stability, and anomalously deep thermocline,
nutricline, and subsurface chlorophyll maximum layers (Bond et al., 2015; Zaba & Rudnick, 2016). A
depressed nutricline and reduced vertical mixing would reduce nutrient delivery to surface waters despite
possible continued nutrient advection at depth. We note the slightly negative nitrate and Chl-a anomalies
at CCE2 in spring 2014 as further evidence for a moderately reduced upwelling season preceding region-wide
onset of the Warm Anomaly. CCE1, located in the southward-flowing core California Current, measures an
ocean environment forced predominantly by horizontal advection and some wind-stress-curl upwelling
rather than wind-driven upwelling (Di Lorenzo, 2003; Rykaczewski & Checkley, 2008). Minor differences
in response timing and magnitude at CCE1 and CCE2 suggest that some subregional nutrient delivery
mechanisms acted on CCE1 at the start of the Warm Anomaly despite region-wide onset of temperature
anomalies. Offshore nutrient delivery to CCE1 apparently decreased or reversed partway through the
Warm Anomaly, however, as indicated by near-zero nitrate levels. These findings are consistent with obser-
vations by Zaba and Rudnick (2016) of onset of downwelling-related onshore flow in 2014-2015.

3.2. Spring 2015 Interlude and 2015-2016 El Nifio Impacts

High nitrate and pCO, pulses, increased Chl-a, and anomalously cool temperatures at CCE2 were observed
from March to June 2015, suggesting that a moderate nearshore upwelling season occurred between the
Warm Anomaly and the start of El Nifio (Figure 2). Offshore CCE1 temperature anomalies also decreased
in spring 2015 but immediately returned to Warm Anomaly levels in summer 2015. Our findings of a direct
transition from Warm Anomaly to El Nifio temperature conditions offshore are consistent with other studies
in the southern CCS and coastal Baja California regions and again highlight subregional differences in event
forcing mechanisms (Gentemann et al., 2017; Robinson, 2016).

CCE2 temperature anomalies increased in fall 2015 and produced El Nifio daily average values comparable
to the Warm Anomaly (Figure 3a, red bars). Nitrate levels at CCE2 decreased in summer 2015 and remained
low through the duration of El Nifio, although daily average nitrate anomalies were smaller than during the
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California Cooperative Oceanic Fisheries Investigations; LOWESS = locally weighted scatterplot smoothing.

Warm Anomaly (Figure 3b, red bars). We do not have CCE2 Chl-a data during El Nifio, but quarterly
CalCOFI measurements indicate that Chl-a remained low from summer 2015 to fall 2016 despite
moderate nitrate inputs in spring 2016. Sustained negative nitrate and Chl-a anomalies at CCE1 only
occurred during El Nifio, and daily average nitrate anomalies were greater than during the Warm
Anomaly (Figure 3b, blue bars). Persistent low nitrate at CCE1 throughout El Nifio is consistent with
particle trajectories indicating water mass origins in 2015-2016 predominantly in the surrounding and
offshore regions that had likely already undergone nutrient drawdown (Figure 5c, orange and magenta
tracks).

Deeper (75-76 m) temperature anomalies at both moorings were comparable to near-surface values during
El Nifio, and daily average anomalies were 2-5 times greater than during the Warm Anomaly (Figure 3a,
light pink and light blue bars). E1 Nifio onset in the CCS was attributed partly to coastally trapped waves from
the equatorial Pacific (Frischknecht et al., 2017), which may explain anomalous deep temperatures.
However, thermocline depth and upwelling winds were anomalously shallow and strong, respectively, in
fall-winter 2015-2016, more in line with normal CCS upwelling conditions than with past El Nifios or the
Warm Anomaly (Gentemann et al., 2017; Jacox et al., 2016). Shorter duration and smaller negative daily
average nitrate anomalies at CCE2 during El Nifio compared to the Warm Anomaly likely reflect this mod-
erate upwelling response in fall-winter 2015-2016. Decreases in deep temperatures and aragonite saturation
state in May 2016 indicate the abrupt end of the El Nifio event, likely due to the appearance of moderate
spring upwelling. However, Jacox et al. (2016) predicted that chlorophyll levels off central and southern
California would remain low in spring 2016 due to the combined low-nutrient Warm Anomaly-El Nifio per-
iod. Persistent low Chl-a at CCE2 in spring 2016 despite moderate nitrate inputs support this prediction and
could reflect phytoplankton community changes or enhanced grazer control.

Total pelagic mollusc abundance declined slightly in spring 2015 relative to 2014 and 2016 but was still
higher than other years. Population declines in 2015 may have occurred in response to aragonite undersa-
turation at CCE2 at 76 m (Figure 2; time series dips below horizontal gray line at Q = 1) or to cessation of
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anomalous advection. As noted above, our N/S index indicates northern- and within-region flows to CCE1
throughout 2015, suggesting lower subtropical influxes than in spring 2014 (Figure 5c). Elevated total
mollusc abundance in 2015 above non-anomalous springs (2011-2013 and 2017) may indicate continued
population persistence following 2014, particularly of family Limacinidae. This persistence was likely due
to continued moderate in situ reproduction and individual growth. However, the spring 2015 decrease in
abundance compared to 2014 and 2016 suggests that a period of separation occurred between the increases
in springs 2014 and 2016. Total pelagic mollusc and Limacinidae abundances were again elevated in
March-April 2016 (5 and 15 times higher, respectively, than their 2010-2013 means) toward the end of the
El Nifio event, although the subtropical species (H. striata) that dominated in spring 2014 was absent. The
N/S index and particle tracks suggest lower southern-origin flow in winter-spring 2016 than in 2014, while
aragonite saturation conditions remained favorable (Q,.s > 1). We therefore posit that increased mollusc
abundances in spring 2016 were due to in situ growth of existing populations (either resident or seeded
from the south in 2014) in response to elevated aragonite levels rather than to advection of new
populations. Our spring 2016 samples likely captured the height of pelagic mollusc population growth
before the return of moderate upwelling conditions and decreased aragonite levels in late spring 2016.

Bednarsek et al. (2018) showed negative pteropod responses in the northern CCS to the 2013-2016 combined
marine heat wave, El Nifio, and enhanced upwelling. Aguilera et al. (2019) similarly observed reductions in
growth and egg production in the resident copepod Acartia tonsa in the Humboldt Current System under
warm, acidic conditions in 2015. Our finding of increased pelagic molluscs in the southern CCS in springs
2014 and 2016 may be explained by several factors. First, subtropical pelagic molluscs were likely advected
into the region in spring 2014 and would have contributed to the sudden population increase even if existing
cooler-water species were thermally stressed. Subtropical species likely benefitted from warmer temperature
conditions of the Warm Anomaly and El Nifio and may have grown in situ beyond their initial advection,
further offsetting decreases in cool-water species. Second, while the southern CCS experienced extreme posi-
tive temperature anomalies during 2014-2016, Q,.,, pPH, and oxygen were all elevated, producing calcifying-
favorable conditions that perhaps ameliorated temperature stress. The longest periods of consecutive arago-
nite undersaturation in our records during the Warm Anomaly and El Nifio were significantly shorter than
in 2011-2013 (see Table B1 for values). Bednarsek et al. (2018) note that altered carbonate conditions have a
dominant effect on pelagic mollusc health at the cellular level. The favorable carbonate conditions we
observed likely provided some offset to thermal stress in 2014 and 2016, while moderate upwelling in
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spring 2015 produced less favorable carbonate conditions and may have negatively impacted organisms
despite cooler temperatures and increased food availability. Third, Bednarsek et al. (2016) note that eutheco-
some pteropods are omnivores, and many species feed using mucous nets. These feeding strategies may have
allowed some molluscs to increase despite overall reduced primary production and smaller phytoplankton
sizes during the Warm Anomaly and El Nifio, perhaps also offsetting negative effects of thermal stress.
Aguilera et al. (2019) observed that A. tonsa maintained normal body size despite unfavorable habitat condi-
tions during both the 2015 warm period and general upwelling conditions. The authors attribute this to ele-
vated phytoplankton prey, suggesting food availability may partially offset negative physical oceanographic
conditions. Both Bednarsek et al. (2018) and our current study suggest that pelagic mollusc responses vary
depending on specific combinations of favorable and unfavorable habitat changes. Subtropical-associated
species appear to benefit from El Nifio-induced combinations of increased northward advection and in situ
elevated aragonite saturation in the southern CCS, conditions which allow them to temporarily expand their
population ranges. Future El Nifio-like perturbations therefore need to be evaluated for comprehensive
changes in advection, temperature, aragonite, and food availability, in order to predict full effects on
pelagic molluscs.

3.3. Comparison of 2014-2016 Warm Anomaly-El Nifio Period to 2009-2010 El Niiio

Our CCE2 time series measured the second half of the 2009-2010 El Nifio, an event of known anomalous
forcing in the CCS (Todd et al., 2011) which produced atypical zooplankton community changes relative
to other El Nifios (Lilly & Ohman, 2018). The 2009-2010 El Nifio was characterized by direct atmospheric
teleconnections from the tropical Pacific to the CCS, with resulting changes in local wind circulation and
a lack of oceanic coastally trapped wave propagation (Todd et al., 2011). Nitrate and ApCO, at CCE2 were
elevated in 2010 compared to the 2014-2016 period, although lower than 2011-2013, a period encompassing
a moderate La Nifna and productive CCS conditions (Bjorkstedt et al., 2012; Wells et al., 2013). However, Chl-
a at CCE2 was anomalously low in 2010, comparable to post-El Nifio levels in spring 2016. We have minimal
nitrate, ApCO,, and Chl-a data at CCE1 from 2010, but CalCOFI measurements suggest that all three vari-
ables were slightly elevated in winter-spring 2010 compared to the 2015-2016 El Nifio, indicating a more
minimal offshore impact of the 2009-2010 EI Nifio. Biomass of pelagic molluscs, notably the pteropod family
Limacinidae, was also moderately elevated in spring 2010 in conjunction with positive Q,.,, anomalies at
CCELl and CCE2. Although the 2009-2010 EI Nifio impacts in the CCS have been attributed to atmospheri-
cally forced local physical changes rather than direct oceanic propagation, the perturbation still produced
low Chl-a and favorable calcifying conditions at both moorings.

4. Conclusions

Temperature data suggest that the 2014-2015 Pacific Warm Anomaly developed rapidly region-wide in the
southern CCS in spring 2014, although nutrient delivery appeared to show subregional differences between
offshore and nearshore regions. Coastal waters experienced rapid and sustained onset of upwelling suppres-
sion, with likely negative consequences for primary production. Our observations of surface-intensified tem-
perature anomalies during the Warm Anomaly confirm other evidence for a combination of thermocline
depression, increased stratification, and reduced wind stress as a cause of reduced upwelling (Zaba &
Rudnick, 2016). In contrast, from the outset, the 2015-2016 El Nifio was expressed in subsurface (75 m) as
well as surface waters. Offshore nutrient anomalies were much more pronounced during El Nifio than dur-
ing the Warm Anomaly. Neither the Warm Anomaly nor El Nifio individually, nor their multiyear combina-
tion, appeared to have residual negative impacts on chlorophyll concentration, as evidenced by moderately
elevated nitrate and Chl-a in 2017-2018.

The elevated abundance of pelagic molluscs during both the Warm Anomaly and El Nifio suggests that some
organisms may have benefited from these anomalous conditions. While increased pelagic mollusc abun-
dances in spring 2014 were likely due partly to increased northward advection of subtropical species, recur-
rences in spring 2016 appeared more attributable to in situ growth. Aragonite undersaturation events in the
CCS are expected to increase spatially and temporally in the future due to the ocean's absorption of anthro-
pogenic CO, (Feely et al., 2008; Feely et al., 2016; Hauri, Gruber, McDonnell, & Vogt, 2013). More frequent
and longer-duration aragonite undersaturation events can have significant negative impacts on calcifying
organisms, including reduced growth, shell dissolution, and decreased survival (BednarSek et al., 2014;
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Osborne et al., 2016). However, El Nifio events are also predicted to become more extreme in future decades
(Caietal., 2014; T. Lee & McPhaden, 2010), and such events might create short-term suitable habitat for sub-
tropical calcifiers to increase. We note that northward displacements of subtropical species may temporarily
reduce their abundances in their original habitats, but we do not presently know what impacts such biogeo-
graphic shifts may have on the original community. Continued high-frequency biogeochemical measure-
ments should be combined with species-level analysis of pelagic mollusc communities to develop a
framework for predicting how zooplankton populations in Eastern Boundary Upwelling Systems will vary
both short- and long-term in response to ocean changes.

Appendix A: Nitrate and Chl-a Fluorescence Sensor Calibrations and

Quality Control

Nitrate quality control steps are as follows: First, the raw SUNA data are plotted, and a smooth zero
baseline is drawn along the lower edge of the time series and subtracted from the raw data to obtain
baseline-corrected data. This baseline is often nonlinear and nonmonotonic and removes sensor drift
and zero offset. Second, the baseline-corrected time series is compared to in situ nitrate measurements
(pre-mooring and post-mooring deployment calibration casts and quarterly CalCOFI nitrate measure-
ments) to check sensor accuracy. Additional baseline offset is applied as needed to match the sensor
time series to calibration measurements.

Three mooring deployments (CCE1: September 2012 to May 2013; CCE2: April 2015 to May 2016 and May
2016 to March 2017) had SUNA sensor failure, so those time series were reconstructed using a temperature-
nitrate proxy. Temperature and nitrate have an inverse sigmoidal relationship that can be reconstructed
using a locally weighted scatterplot smoothing nonparametric regression with f = 0.1 (where the fparameter
balances regression smoothness versus accuracy; see Figures Ala and A1b). The locally weighted scatterplot
smoothing regression equation can then be applied to the mooring temperature time series to reconstruct
nitrate for the deployment period. To confirm the accuracy of this method, we calculated temperature-recon-
structed nitrate time series for the entire duration of each mooring and compared those time series to corre-
sponding CalCOFI nitrate values and measured nitrate from bottle samples obtained during mooring
deployment or recovery (see Figures Alc and Ald for CCE2 reconstruction; bottle samples not shown; rho
=0.77, p < 0.01).

Chlorophyll-a fluorescence data undergo a three-step quality control process to calculate SFUSs (cf. Powell &
Ohman, 2015). First, a baseline correction is applied to the raw data as described for nitrate. Second, pre-
deployment and post-deployment laboratory calibrations are used to calculate the average slope between
fluorometer readings and known fluorescence values of laboratory-prepared chlorophyll-a standards.
Laboratory calibrations consist of the following steps: (1) Two sets of chlorophyll-a standards are prepared
(12 standards from pure chlorophyll-a extracted from Anacystis nidulans algae [Sigma-Aldrich C6144] in
90% acetone, in concentrations ranging from 0.0001 to 0.5 ug/L chlorophyll, and five standards from sea-
water collected 1 hr before dawn and diluted to: 100%, 50%, 25%, 12.5%, and 0% raw seawater, with filtered
seawater filling the remaining percentage). (2) For each concentration, three replicate fluorometer voltage
readings are taken and averaged to get final voltage. The third step involves aligning the time series of voltage
reading and measured chlorophyll values by scaling them on separate y axes and then calculating the ratio of
max measured Chl-a/max voltage. The daily-averaged voltage time series is then multiplied by this ratio to
get the SFU time series.

Appendix B: Aragonite Saturation Calculations

We used two methods to calculate aragonite saturation at CCE2 16 m and CCE1 40 m (Method 1: pH-/total
alkalinity-derived; Method 2: temperature-O, proxy relationship; see section 2.4 in main text for full expla-
nation of calculations). We correlated the time series for both methods at CCE2 16 m to determine how clo-
sely their estimations matched. The correlation was significant (rho = 0.90, p < 0.01; not shown), indicating
that the two methods produced comparable estimations.

Appendix C: Temperature Anomaly Start/End Dates
We determined start and end dates of the Warm Anomaly and El Nifio based on periods of continuous posi-
tive temperature anomalies with no negative interruptions at the near-surface sensors (CCE1 at 19 m, CCE2
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at 16 m). The one exception was the CCE1 Warm Anomaly start date, for which we used the CCE1 40-m data.
A large positive temperature anomaly occurred at CCE1 at 40 m in June 2014 and was of the same magnitude
as subsequent temperature anomalies, so we included that period in the scope of the Warm Anomaly,
although we based all other CCE1 dates on the 19-m time series. Although moderate positive temperature
and negative nitrate and Chl-a anomalies occurred intermittently at both moorings in spring 2014, we
demarcated 15 June 2014 as the start of the 2014-2015 Warm Anomaly because that date was the beginning
of continuous positive temperature anomalies that lasted through February 2015 and because the tempera-
ture anomalies that appeared in June 2014 were significantly greater than temperature anomalies in spring
2014. The mean temperature anomaly at CCE2 during our 2014-2015 Warm Anomaly period was 1.57 °C,
compared to anomalies of <1.1 °C in spring 2014 with only one 10-day period of 1.4 °C. The mean Warm
Anomaly temperature at CCE1 40 m was 1.44 °C, while anomalies in spring 2014 never rose above 0.6 °C.
The CCE1 time series at 19 m never reached negative anomalies between the start of the Warm Anomaly
in 2014 and the end of El Nifio in 2016. Instead, we used a threshold of anomalies less than +1 °C in spring
2015 to demarcate the end of the Warm Anomaly and beginning of El Nifio.

We demarcated the Warm Anomaly start date as 15 June 2014 at both CCE2 and CCE1 and the end dates as
11 May 2015 at CCE2 and 6 April 2015 at CCE1. We demarcated the El Nifio start dates as 20 July 2015 at
CCE2 and 16 May 2015 at CCE1 and the end dates as 27 March 2016 at CCE2 and 11 May 2016 at CCE1.

Appendix D: Validity of Altimetry-Derived Particle Trajectories

To assess how well the altimetry-derived particle trajectories represent reality, we compared altimetry to in
situ velocity data from the CCE1 mooring as follows: For most of 2011-2016, the buoy was equipped with a
downward-facing ADCP; we integrated ADCP velocities at 30-m depth forward in time for 45 overlapping
time windows of 50 days each. This yielded 45 synthetic “trajectories” or progressive vector diagrams. If
ocean velocities were the same at all locations at any given time, these would be identical to actual particle
trajectories. The altimetry-derived surface velocities at the CCE1 location were integrated in an identical
fashion. Figure D1a shows five comparisons of buoy-derived (solid lines) and altimetry-derived (dashed
lines) progressive vector diagrams. The discrepancies between each pair, and their evolutions over time,
are shown in Figure D1b. The distance from the CCE1 buoy to the nearshore continental rise is approxi-
mately 160 km. Figure D1b includes the 75th percentile for the ensemble (black line), which reaches 160
km after approximately 30 days of forward integration. We thus posit that the first 30 days of the majority
of simulated trajectories will have an associated error less than the distance between the buoy and the nutri-
ent-rich source region discussed in section 3.1. We used this 30-day duration as the cutoff for our confidence
in the altimetry-derived trajectories.
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Figure S1

Introduction

This supporting figure provides additional resolution beyond figure 5 in the main text. In
particular: 1) it shows particle tracks by individual year, which allows the reader to more clearly
compare years, and 2) it color-codes each year for within-year seasonality, which allows the
reader to track the specific timing of particle movements.
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Figure S1. As in figure 5c, but with particle tracks separated by individual year. Color
scale indicates day numbers within each year.
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